Abstract: Topography observation of the nanoscale passivation film on tinplate using a scanning electron microscope and an electro-optical surface profilometer showed that it was difficult to observe the true topography because of the high surface roughness of the tinplate. Topography observation using a profilometer on bright tin plating with low surface roughness and work function measurement on tinplate surface using a Scanning Kelvin Probe Microscope (SKPM) were then carried out to solve the problem. The results indicated that there was a thin chemical passivation film distributed uniformly in different areas of microscopic bulges and valleys on the tinplate surface, and the film became more uniform with longer passivation time. In comparison, the electrolytic passivation film was thick, and the distribution uniformity was poorer. Specifically, the film was thicker on microscopic bulges and thinner in microscopic valleys, and this was worse with longer passivation time. Thus, the difference in performances of the corrosion and paint adhesion of the tinplate treated with different passivation processes can be explained in terms of the topography and distribution state of the passivation film.
Introduction
The passivation film that forms on the surface of tinplate via chemical or electrochemical reaction plays a vital role during tinplate storage, transportation, and use [1] [2] [3] . On one hand, the passivation film can block the diffusion and penetration of oxygen and corrosive media (such as chloride ions and sulfur ions) into the interior of the tinplate, thereby enhancing the oxidation resistance and corrosion resistance of the tinplate. On the other hand, the film can play a role in connecting the tinplate and the coatings or paint films when producing cans to improve adhesion [1, [4] [5] [6] . Thus, the performance of the tinplate is directly related to the properties of the passivation film.
The fundamental factors that affect the performance of the passivation film on the tinplate depend on the properties of the passivation film itself. Specifically, the performance depends on the composition and structure of the passivation film [7] [8] [9] . Meanwhile, the topography and distribution state of the film on the surface also has an important impact. Obviously, a thicker film results in better corrosion resistance, although it is also believed that a film that is too thick results in poor paint adhesion [1, 10] . It is essential for a passivation film to be uniformly thick because in a corrosive environment, if the thickness is not uniform, it is likely that corrosion microcells will develop between the local regions without film (or with a thinner film covering) and the regions covered with thicker film because of the different surface potential between the regions; this then causes pitting corrosion [11, 12] .
However, the passivation film is very thin and its thickness is on the nanoscale [2, 13] . Also, the colorless and transparent film will not change the appearance of the tinplate and is difficult to observe with the naked eye [3] . Furthermore, the roughness of the tinplate substrate under the film is much larger than the thickness of the film [14] . Therefore, it is difficult to observe the true surface topography and the distribution conditions of the film using common microscopic methods. Although transmission electron microscopy has been used to observe the structure and composition of the passivation films on tinplate [13] , the sample preparation of film stripping is complicated. Thus, studying the film topography and distribution state of the tinplate surface is highly difficult and has rarely been reported in previous studies. In this paper, we report a detailed study of the above problems using new methods with the aim of understanding more about the nanoscale passivation film on tinplate, since the film is invisible yet vital to tinplate performance.
Materials and Methods

Material and Surface Preparation
The base steel of the tinplate was a one-step cold-rolled steel sheet with a thickness of 0.17 mm, which was cut into 100 mm × 70 mm coupons. Prior to electroplating, the samples were subjected to electrolytic degreasing by immersing them in a 60 • C aqueous solution of 20 g/L NaOH and electrolyzing them with a cathodic current density of 3 A/dm 2 for 30 s; they were then rinsed with deionized water for 1 min. The samples were then immersed in a 60 • C aqueous solution of 10 wt % H 2 SO 4 and electrolyzed with a cathodic current density of 3 A/dm 2 for 5 s; the samples were then rinsed with deionized water for 30 s.
After the pretreatment process, the samples were electroplated by immersing them in a 45 • C plating bath that was complexed with 15 g/L tin methanesulfonate, 45 mL/L methanesulfonic acid, 45 mL/L additive (Ronastan TP-G7, The Dow Chemical Company, Midland, MI, USA), and 25 mL/L antioxidant (Ronastan TP-G7, The Dow Chemical Company). The samples were electrolyzed with a cathodic current density of 1.4 A/dm 2 for 33 s to form a plating with approximately 2.8 g/m 2 tin. The sample was then rinsed with deionized water for 1 min and dried with hot air. A reflowing treatment of the sample after drying was carried out via induction heating at a power of 630 W for 0.64 s, followed by quenching in 50 • C deionized water. The sample was then rinsed with deionized water for 30 s and dried with hot air to finish the surface preparation of the tinplate sample.
Bright tin plating was prepared by immersing the pretreated sample in a 25 • C electroplating bath that was complexed with 15 g/L tin methanesulfonate, 100 mL/L methanesulfonic acid, and 20 mL/L self-developed bright tin additive; the sample was electrolyzed with a cathodic current density of 2 A/dm 2 for 30 min. During the plating process, the solution was stirred using a magnetic stirrer to avoid the formation of pinholes that can be caused by hydrogen evolution on the cathode surface. The sample was then rinsed with deionized water for 1 min and dried with hot air to finish the surface preparation of bright plating. In particular, reflowing was not needed for the bright tin plating.
was used to investigate the geometrical topography of the tinplate. A scanning Kelvin probe microscope (SKP100E, Princeton Instruments, Trenton, NJ, SUA) with a 2-mm diameter platinum electrode as a probe was used to measure the work function of the tinplate; the tip of the probe was kept at a constant distance of 85 μm from the surface of the test sample to measure the work function difference between the sample surface and the platinum electrode tip.
Results
Topography of the Passivation Film on the Tinplate
SEM Topography
The surface topography of the tinplate treated with reflowing was observed using scanning electron microscopy (SEM, Quanta200 FEG, Thermo Fisher Scientific Inc., Hillsboro, OR, USA), and the results are shown in Figure 1a . The surface of the tinplate after reflowing is uneven; there are numerous striations and some pits on the surface that should be the roll marks arose from the rolling process of the base steel sheet [15, 16] . These marks will still exist on the surface when the tin plating is not so thick. The surface topography of the tinplate was not significantly changed after treatment with chemical passivation (Figure 1b ) and electrolytic passivation ( Figure 1c ). The surface topography of the tinplate was then observed at a higher magnification ( Figure 2 ). However, there were still no significant changes to the surface topography of the tinplate observed before (Figure 2a ) or after (Figure 2b ,c) the passivation treatment. This could be because the passivation film is extremely thin, with a thickness that is on the nanoscale, whereas the substrate under the film has a high roughness itself, which is much greater than the thickness of the film. Therefore, the film topography can be extremely susceptible to the substrate topography and can be difficult to observe using SEM. In light of this, test methods need to be sought that can reflect the changes of the surface topography before and after passivation. 
Geometrical Topography
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An electro-optical surface profilometer (a well-known tool for surface profilometry with high resolution) is based on phase-shift interferometry; it can be used for quickly measuring the three-dimensional geometrical topography of a specimen surface without contacting the sample or damaging the surface of the specimen; furthermore, the surface roughness can be obtained [17] [18] [19] [20] [21] . Figure 3 shows the three-dimensional geometrical topography of the tinplate as determined using different processes. As a further support data, the value of R a was calculated by the computer connected to the profilometer. The calculation method was to take a point in the test area, and calculate the data of roughness, R a , in z-axis direction of the cross-section (along the x-axis direction) and the longitudinal section (along the y-axis direction) of this point. The resulting value of R a is the statistical calculation result of multiple points in the test area, and it is the average of the surface roughness in the test area. Then, we compared the average data of R a by statistical analyses. The average values of R a were obtained using data from nine different test areas by random selection on the surface of the sample. The maximum and minimum values were removed and are not listed in the table.
As seen in Figure 3 , there are striations and pits on the surface of the tinplate surface. The changes to the surface geometrical topography are not remarkable before passivation (Figure 3a ) and after treatment with chemical passivation (Figure 3b) , and the R a average value does not change significantly (Table 1) , which may be because a film that is uniformly thick has formed on the basis of the original profile of the substrate so the surface roughness value has not changed significantly. After electrolytic passivation, many high bulges can be seen in local regions of the tinplate surface ( Figure 3c) ; also, the film is thicker compared to the chemical passivation film, and the pits and striations are still visible. Although general variations in the surface profile are not significant, the surface roughness (R a ) increased remarkably compared to the non-passivated and chemical passivated tinplate samples. This may be because the thickness of the electrolytic passivation film is not as uniform as the chemical passivation film; also, in some regions, the film is thicker, whereas in some other regions, the film is thinner or there is no film on the tinplate surface. In this last case, the result is that the roughness increases significantly. Figure 3 provides stereo images and visualizes the surface geometrical topography to reflect the changes in the surface topography of the tinplate before and after passivation. Additionally, it is necessary to verify the fact that there are striations and pits on the tinplate surface. Roughness data confirm that the surface roughness of the tinplate is large. Using this test method, the thickness of the electrolytic passivation film is found to be thicker than that of the chemical passivation film, although the uniformity is poorer. It is worth noting that, because of the large surface roughness of the tinplate before passivation, the extremely thin film layer that formed is greatly influenced by the substrate profile. To better observe the surface topography and to verify the above statement, it is necessary to reduce the surface roughness of the tinplate. Figure 3 , there are striations and pits on the surface of the tinplate surface. The changes to the surface geometrical topography are not remarkable before passivation (Figure 3a ) and after treatment with chemical passivation (Figure 3b ), and the Ra average value does not change significantly (Table 1) , which may be because a film that is uniformly thick has formed on the basis of the original profile of the substrate so the surface roughness value has not changed significantly. After electrolytic passivation, many high bulges can be seen in local regions of the tinplate surface ( Figure 3c) ; also, the film is thicker compared to the chemical passivation film, and the pits and striations are still visible. Although general variations in the surface profile are not significant, the surface roughness (Ra) increased remarkably compared to the non-passivated and chemical passivated tinplate samples. This may be because the thickness of the electrolytic passivation film is not as uniform as the chemical passivation film; also, in some regions, the film is thicker, whereas in some other regions, the film is thinner or there is no film on the tinplate surface. In this last case, the result is that the roughness increases significantly. Figure 3 provides stereo images and visualizes the surface geometrical topography to reflect the changes in the surface topography of the tinplate before and after passivation. Additionally, it is necessary to verify the fact that there are striations and pits on the tinplate surface. Roughness data confirm that the surface roughness of the tinplate is large. Using this test method, the thickness of the electrolytic passivation film is found to be thicker than that of the chemical passivation film, although the uniformity is poorer. It is worth noting that, because of the large surface roughness of the tinplate before passivation, the extremely thin film layer that formed is greatly influenced by the substrate profile. To better observe the surface topography and to verify the above statement, it is necessary to reduce the surface roughness of the tinplate. We prepared a tinplate with a smooth tin surface on which the passivation treatment was carried out, and we then characterized the topography of the passivation film to reduce the influence of the We prepared a tinplate with a smooth tin surface on which the passivation treatment was carried out, and we then characterized the topography of the passivation film to reduce the influence of the surface roughness of the tinplate on the passivation film. Using the bright tinning process described in Section 2.1, electroplating was carried out by adding a suitable brightener to the plating solution to obtain a bright tinplate, as shown in Figure 4a . The lower part of the image in Figure 4a is the real object, and the upper part is the reflection of the object in the bright tinplated surface. The high definition reflection indicates that the tinplate has a good brightness and low roughness. It can be seen from Figure 4b ,c that the topography of the plating is flat and uniform, and no microscopic bulges or pits are observed. Thus, a smooth tin surface with low roughness was obtained. surface roughness of the tinplate on the passivation film. Using the bright tinning process described in Section 2.1, electroplating was carried out by adding a suitable brightener to the plating solution to obtain a bright tinplate, as shown in Figure 4a . The lower part of the image in Figure 4a is the real object, and the upper part is the reflection of the object in the bright tinplated surface. The high definition reflection indicates that the tinplate has a good brightness and low roughness. It can be seen from Figure 4b ,c that the topography of the plating is flat and uniform, and no microscopic bulges or pits are observed. Thus, a smooth tin surface with low roughness was obtained. The surface topography of the bright tin plating treated with chemical and electrolytic passivation observed using scanning electron microscopy is shown in Figure 5 . The grain boundaries of the tin plating after chemical passivation ( Figure 5b ) become indistinct compared to that of the tin plating before passivation (Figure 4c ), and the grain boundaries become less apparent and cannot even be seen at higher magnification after electrolytic passivation (Figure 5d ). These observations indicate that the surface of the tin plating has certainly been covered with a film. Although the variation of the surface topography before and after passivation could be characterized using scanning electron microscopy, the actual topography of the passivation film could still not clearly be observed in the SEM images, even when a smooth substrate with a low roughness was used. Because of this, using an electro-optical surface profilometer should be considered for testing. 
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The three-dimensional geometric topography of the bright tin plating before and after passivation was characterized using the profilometer, and the results are shown in Figure 6 . Also, the corresponding surface roughness is listed in Table 2 . As seen in Figure 6a , there are regular and uniformly distributed striations on the bright tin plating surface, and the size scale of the striations are tiny. Thus, the value of the surface roughness (R a ) is only 22.41 nm on average, and the standard deviation is 1.81 nm ( Table 2) . To a certain extent, the average roughness and standard deviation represent the surface smoothness, and thus the bright tin plating has a more smooth and uniform surface compared to the conventional tinplate. Figure 6b shows that the striations on the bright tin surface can still be observed after 3 s of chemical passivation. In contrast, the valleys of the striations become shallow, indicating that there is also a passivation film formed in the valley, and thus the striations become indistinct. The surface profile is raised in local regions along the bulges of the striations, and this indicates the formation of a thick film in those regions. The surface roughness (average R a ) and standard deviation (Table 2) slightly increase after chemical passivation, indicating that the passivation film did not grow uniformly along the profile of the original tin surface. The film is thicker on the bulges of the striations but thinner in the valleys of the striations; nevertheless, the thickness of the film itself is very thin, and so the roughness did not significantly increase. With longer chemical passivation time, the film thickness was more uniform (Figure 6c and Table 2 ). Also, when the sample was passivated for 6 s, the roughness decreased compared to that shown in Figure 6b , and this indicates that it is helpful to prolong the passivation time to enhance the uniform distribution of the film thickness.
The geometrical topography of the bright tin surface treated with electrolytic passivation for 3 s changes significantly, as shown in Figure 6d . There are large differences in the thickness of the passivation film that formed in different regions; specifically, the film is thicker on the bulges and thinner in the valleys of the striations, and this results in a significant increase in the surface roughness, as noted in Table 2 . With the electrolytic passivation time extended from 3 s to 6 s, the film thickness is obviously increased, the distribution is less uniform, and the surface roughness is further increased, as seen in Figure 6e and Table 2 . Compared to the chemical passivation film, although the thickness of the electrolytic passivation film increased significantly, the distribution uniformity is poorer, as seen in the surface topography and roughness of the tin plating. slightly increase after chemical passivation, indicating that the passivation film did not grow uniformly along the profile of the original tin surface. The film is thicker on the bulges of the striations but thinner in the valleys of the striations; nevertheless, the thickness of the film itself is very thin, and so the roughness did not significantly increase. With longer chemical passivation time, the film thickness was more uniform (Figure 6c and Table 2 ). Also, when the sample was passivated for 6 s, the roughness decreased compared to that shown in Figure 6b , and this indicates that it is helpful to prolong the passivation time to enhance the uniform distribution of the film thickness. The geometrical topography of the bright tin surface treated with electrolytic passivation for 3 s changes significantly, as shown in Figure 6d . There are large differences in the thickness of the passivation film that formed in different regions; specifically, the film is thicker on the bulges and thinner in the valleys of the striations, and this results in a significant increase in the surface roughness, as noted in Table 2 . With the electrolytic passivation time extended from 3 s to 6 s, the film thickness is obviously increased, the distribution is less uniform, and the surface roughness is further increased, as seen in Figure 6e and Table 2 . Compared to the chemical passivation film, although the thickness of the electrolytic passivation film increased significantly, the distribution uniformity is poorer, as seen in the surface topography and roughness of the tin plating. Using the profilometer, the three-dimensional geometrical topography and roughness were tested on the surface of the bright tin plating. The results show that the changes in the topography before and after passivation were clearly reflected, and hence the problem regarding the influence of the large surface roughness of the conventional tinplate was effectively solved. Thus, the topography and distribution state of the film obtained via different passivation processes were measured.
(c) Figure 6 . Geometrical topography images of (a) bright tin plating; (b,c) bright tin plating treated with chemical passivation for 3 s and 6 s, respectively; and (d,e) bright tin plating treated with electrolytic passivation for 3 s and 6 s, respectively. Using the profilometer, the three-dimensional geometrical topography and roughness were tested on the surface of the bright tin plating. The results show that the changes in the topography before and after passivation were clearly reflected, and hence the problem regarding the influence of the large surface roughness of the conventional tinplate was effectively solved. Thus, the topography and distribution state of the film obtained via different passivation processes were measured.
Surface Work Function and its Distribution State
Scanning Kelvin probe microscopy (SKPM) is a noncontact and nondestructive analysis method that can be used to measure the work function on the surface of the sample; the scan area is on the macroscopic scale to provide more universal surface information of the sample [22] [23] [24] . There can be changes in the work function between the tinplate surfaces before and after passivation, and these changes are likely to relate to the thickness and uniformity of the passivation film [23, 25, 26] . Therefore, detecting the work function of the tinplate can be used to indirectly characterize the thickness and uniformity of the passivation film.
Relationship between Work Function Data and Passivation Film Thickness
The energy of an electron in the metal M is given by the electrochemical potential, µ M e , and can be written as the sum of the chemical potential (µ M e ) and the inner potential (ϕ M e ) (also called the Galvani potential) [27] . The inner potential includes two parts: the Volta (or outer) potential (ψ M e ) and the surface potential (χ M ) [28] . Formula (1) is expressed as follows:
The work function (Φ M e ) is defined as the minimum work that is required to bring an electron from within the sample to a position just outside the sample [29] . When the metal M is uncharged, the Volta potential (ψ M e ) can be zero, and as a result, the work function of the metal M can be formulated as [27, 29] :
Substituting Formula (2) into Formula (1), yields:
In a metal or semiconductor, the Fermi energy (E F ) is equivalent to the electrochemical potential of the electron [28] :
when ψ M e = 0, the work function and the Fermi energy are equal but numerically opposite to each other. In other words, the work function is equal to the difference between the vacuum level at the zero potential reference point and the Fermi level [23, 30] . According to the above analysis, a schematic diagram of the Scanning Kelvin Probe Microscope (SKPM) test was drawn and is shown in Figure 7a . 
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when = 0, the work function and the Fermi energy are equal but numerically opposite to each other. In other words, the work function is equal to the difference between the vacuum level at the zero potential reference point and the Fermi level [23, 30] . According to the above analysis, a schematic diagram of the Scanning Kelvin Probe Microscope (SKPM) test was drawn and is shown in Figure 7a . In Figure 7a , E F1 and E F2 are the Fermi energies of the probe and sample, respectively, and Φ
e are the electric work functions of the probe and the sample, respectively. Platinum was used as the probe material; its work function is higher than that of most of the metal materials, and its Fermi energy and electrochemical potential are lower [31] . As shown in Figure 7b , when the probe and sample were connected with a wire, the electron flowed from the sample to the probe because the electrochemical potential of the electron in the sample was higher until the electrochemical potentials and the Fermi energies of the sample and probe became equal and resulted in both the Fermi and vacuum levels of the sample and the probe moving without variation relative to the positions of one another [28, 32] . Then the probe surface was negatively charged, and the Volta potential ψ
> 0) was also generated, so that a contact potential difference (∆ψ) was generated.
At that time,
According to Formula (3),
The work function difference (∆Φ) between the sample and the probe is:
Formulas (5) and (8) were substituted into Formula (7) to deduce the relationship between the work function difference and the contact potential difference as Formula (9):
In the test mode, (Figure 7c ), an external voltage (V) was applied using the instrument with the value equal to the opposite number of the contact potential difference (∆ψ) to make the surface charge of the probe and the sample equal to zero. The instrument recorded the value of the external voltage (V) and then was used to calculate the work function difference between the sample and the probe [23, 29, 30] . Therefore, the work function difference between the sample and the probe can be measured via the SKP method. The values obtained using the SKP method are always negative, and a more negative value indicates a lower work function of the sample.
From the definition of the work function, it becomes more difficult for the electron to escape from the surface of the tinplate when the surface is covered by a film and is in a passivated state after the passivation treatment. When the passivation film that covers the surface is thicker, it is more difficult for the electron to escape from the surface, and thus the work function is higher. In contrast, when the film is thinner, the work function is lower. Therefore, without considering other factors, it can be considered that when the work function difference measured via the SKP method is more negative, the passivation film is thinner, whereas when the work function is more positive, the passivation film is thicker.
Distribution State of the Work Function on the Tinplate Surface
SKP tests were carried out on the tinplate samples before and after passivation using different treatment processes, and the results are shown in Figure 8 . The work function of the non-passivated tinplate (Figure 8a ) was mainly distributed between −0.65 and −0.55 eV. The uneven distribution of the work function on the surface of the tinplate indicates that the surface state was not uniform after reflowing. This may be because in the reflowing process in which the steel was heated via magnetic introduction, the distribution of the magnetic field on the steel surface was not absolutely uniform because it was affected by the surface evenness of the steel and the distribution state of the magnetic induction loop. There were differences in different areas on the surface of the steel in the degree of heat so that the oxides of tin were generated in different oxidation states in different areas of the surface. In addition, the steel surface state before reflowing may not be uniform. Thus, the states in different areas of the tinplate surface were not absolutely uniform, and hence the distribution of the work function was not uniform. According to the passivation mechanism [33] , further oxidation of SnOx (1 ≤ < 2) generated during the reflowing process and reduction of Cr(VI) occurred simultaneously in the chemical passivation process, and then the passivation film formed on the surface of the tinplate; this resulted in an increase in the work function. Further oxidation of SnOx caused the oxidation state of tin in different areas on the tinplate surface to be uniform, and this resulted in a more uniform distribution of the work function on the surface. Figure 8b shows that the work function of the tinplate after 3 s of chemical passivation was mainly distributed in the range of approximately −0.61 to −0.54 eV, and this generally increased slightly, although there was no obvious improvement in the distribution uniformity. Combined with the images shown in Figure 6b , when the passivation process was conducted for a short time, the passivation film that formed on the tinplate surface was extremely thin, and there was a difference in the film thickness between that in the regions of microscopic bulges and that in the regions of valleys. Therefore, the work function did not significantly increase, and its distribution uniformity was not significantly improved. With longer passivation time, the work function of the tinplate after 6 s of chemical passivation was mainly distributed in the range of approximately −0.57 to −0.51 eV, as shown in Figure 8c . In general, the work function further increased, and its distribution uniformity also improved obviously compared to that obtained with 3 s of passivation (Figure 8b ). With longer passivation time, more SnOx was further oxidized, and the film thickness further increased, resulting in a further increase in the work function of the tinplate. A more uniform distribution of the film thickness (Figure 6c ) and the oxidation of more SnOx led to a more uniform distribution of the work function. Figure 8d shows that, after 3 s of electrolytic passivation, the work function of the tinplate was mainly distributed between −0.52 and −0.42 eV. In general, the work function increased significantly and was higher than that of the tinplate that had undergone chemical passivation, although its distribution uniformity degraded and had obvious high bulges and deep valleys. With longer passivation time, the work function of the tinplate was mainly distributed between −0.44 and −0.34 eV after electrolytic passivation for 6 s (Figure 8e) , and it further increased although its distribution uniformity further degraded and became worse. Because of the differences in the reaction mechanisms of electrolytic and chemical passivation (which are elaborated in the following section), the former passivation film was much thicker than the latter, although the former passivation film was distributed more unevenly on the tinplate surface than that of the latter (Figure 6d,e) .
It can be seen from the above results that the work function of the tinplate samples before and after passivation can be measured via SKP technology. The results indicate that the work function increased after both chemical and electrolytic passivation, and the latter increased more significantly than the former. The distribution of the work function on the tinplate surface became more uniform after chemical passivation, whereas it became worse after electrolytic passivation. For a certain According to the passivation mechanism [33] , further oxidation of SnO x (1 ≤ x < 2) generated during the reflowing process and reduction of Cr(VI) occurred simultaneously in the chemical passivation process, and then the passivation film formed on the surface of the tinplate; this resulted in an increase in the work function. Further oxidation of SnO x caused the oxidation state of tin in different areas on the tinplate surface to be uniform, and this resulted in a more uniform distribution of the work function on the surface. Figure 8b shows that the work function of the tinplate after 3 s of chemical passivation was mainly distributed in the range of approximately −0.61 to −0.54 eV, and this generally increased slightly, although there was no obvious improvement in the distribution uniformity. Combined with the images shown in Figure 6b , when the passivation process was conducted for a short time, the passivation film that formed on the tinplate surface was extremely thin, and there was a difference in the film thickness between that in the regions of microscopic bulges and that in the regions of valleys. Therefore, the work function did not significantly increase, and its distribution uniformity was not significantly improved. With longer passivation time, the work function of the tinplate after 6 s of chemical passivation was mainly distributed in the range of approximately −0.57 to −0.51 eV, as shown in Figure 8c . In general, the work function further increased, and its distribution uniformity also improved obviously compared to that obtained with 3 s of passivation (Figure 8b ). With longer passivation time, more SnO x was further oxidized, and the film thickness further increased, resulting in a further increase in the work function of the tinplate. A more uniform distribution of the film thickness (Figure 6c ) and the oxidation of more SnO x led to a more uniform distribution of the work function. Figure 8d shows that, after 3 s of electrolytic passivation, the work function of the tinplate was mainly distributed between −0.52 and −0.42 eV. In general, the work function increased significantly and was higher than that of the tinplate that had undergone chemical passivation, although its distribution uniformity degraded and had obvious high bulges and deep valleys. With longer passivation time, the work function of the tinplate was mainly distributed between −0.44 and −0.34 eV after electrolytic passivation for 6 s (Figure 8e) , and it further increased although its distribution uniformity further degraded and became worse. Because of the differences in the reaction mechanisms of electrolytic and chemical passivation (which are elaborated in the following section), the former passivation film was much thicker than the latter, although the former passivation film was distributed more unevenly on the tinplate surface than that of the latter (Figure 6d,e) .
It can be seen from the above results that the work function of the tinplate samples before and after passivation can be measured via SKP technology. The results indicate that the work function increased after both chemical and electrolytic passivation, and the latter increased more significantly than the former. The distribution of the work function on the tinplate surface became more uniform after chemical passivation, whereas it became worse after electrolytic passivation. For a certain amount of passivation time, the work function further increased with an increase in time for both the chemical and electrolytic methods; the distribution became more uniform when the chemical method was used, whereas it became worse when the electrolytic method was used. Thus, the distribution state of the nanoscale passivation film on the tinplate was deduced from the above geometrical topography images and the work function distribution maps.
Distribution State of the Passivation Film on the Tinplate Surface
Before the distribution state of the passivation film on the surface of the tinplate is discussed, it is necessary to know the surface structure of the tinplate. It is generally believed that there is a five-layer structure forming the base steel of commercially available tinplate, and as shown in Figure 9 , the innermost layer is a tin-iron alloy (FeSn 2 ) layer [34, 35] . The next layer is a metal tin layer for which there is no thermal diffusion reaction with the base iron during the reflowing process. The metal tin was oxidized simultaneously at a high temperature when reflowing, and then the tin oxide (SnO x , (1 ≤ x ≤ 2)) layer formed on the metal tin [36] . The passivation treatment was carried out after reflowing, and a chromic oxide film then formed on the tin oxide surface; the chemical composition of this film can be expressed as the general formula CrO x ·nH 2 O (mainly Cr 2 O 3 , Cr(OH) 3 , with a small amount of Cr, Cr(VI)) [8, 37, 38] . The outermost layer is an anti-rust oil film formed from electrostatic oil, which is usually dioctyl sebacate [39, 40] . The thickness of the base steel is generally on the millimeter scale; the thickness of the alloy layer and the metal tin layer is on the micron scale; and the thicknesses of all three of the outer layers is on the nanoscale [2, 12, 13] . amount of passivation time, the work function further increased with an increase in time for both the chemical and electrolytic methods; the distribution became more uniform when the chemical method was used, whereas it became worse when the electrolytic method was used. Thus, the distribution state of the nanoscale passivation film on the tinplate was deduced from the above geometrical topography images and the work function distribution maps.
Before the distribution state of the passivation film on the surface of the tinplate is discussed, it is necessary to know the surface structure of the tinplate. It is generally believed that there is a five-layer structure forming the base steel of commercially available tinplate, and as shown in Figure 9 , the innermost layer is a tin-iron alloy (FeSn2) layer [34, 35] . The next layer is a metal tin layer for which there is no thermal diffusion reaction with the base iron during the reflowing process. The metal tin was oxidized simultaneously at a high temperature when reflowing, and then the tin oxide (SnOx, (1 ≤ ≤ 2)) layer formed on the metal tin [36] . The passivation treatment was carried out after reflowing, and a chromic oxide film then formed on the tin oxide surface; the chemical composition of this film can be expressed as the general formula CrOx·nH2O (mainly Cr2O3, Cr(OH)3, with a small amount of Cr, Cr(VI)) [8, 37, 38] . The outermost layer is an anti-rust oil film formed from electrostatic oil, which is usually dioctyl sebacate [39, 40] . The thickness of the base steel is generally on the millimeter scale; the thickness of the alloy layer and the metal tin layer is on the micron scale; and the thicknesses of all three of the outer layers is on the nanoscale [2, 12, 13] . The model shown in Figure 9 is the ideal surface structure model of the tinplate, and the composition and structure of tinplate are clearly described. However, the surface of the tinplate may be more complicated. From the above surface roughness data of the tinplate, we know that the surface roughness cannot be neglected in the study of the interface structure of the tinplate. Figure 10 shows a simplified structure model of the tinplate before and after passivated treatment with different processes. Aiming at illustrating the influence of surface roughness on the distribution state of the passivation film on the tinplate, in the model, we only consider the surface roughness instead of considering the surface defects of the tinplate, oil film, and other more complex surface conditions. According to geometrical topography images and SKP scanning maps, the surface structure model of the tinplate samples after passivation are depicted in Figure 10b -e. The chemical passivation film was very thin and uniformly distributed on the tinplate surface. When the tinplate was passivated for a short time via the chemical method, the film that formed on the microscopic bulges was thicker than the film that formed in the microscopic valleys; however, the thickness difference was not very significant, as shown in Figure 10b . When the tinplate was passivated for a longer time, the difference became very small, and so the film was distributed more uniformly on the tinplate surface, as shown in Figure 10c . In general, the electrolytic passivation film was thicker than the chemical passivation film, but its distribution was uneven. When the tinplate was passivated for a short time via the electrolytic method, the film that formed on the microscopic bulges was thicker than that in the The model shown in Figure 9 is the ideal surface structure model of the tinplate, and the composition and structure of tinplate are clearly described. However, the surface of the tinplate may be more complicated. From the above surface roughness data of the tinplate, we know that the surface roughness cannot be neglected in the study of the interface structure of the tinplate. Figure 10 shows a simplified structure model of the tinplate before and after passivated treatment with different processes. Aiming at illustrating the influence of surface roughness on the distribution state of the passivation film on the tinplate, in the model, we only consider the surface roughness instead of considering the surface defects of the tinplate, oil film, and other more complex surface conditions. According to geometrical topography images and SKP scanning maps, the surface structure model of the tinplate samples after passivation are depicted in Figure 10b -e. The chemical passivation film was very thin and uniformly distributed on the tinplate surface. When the tinplate was passivated for a short time via the chemical method, the film that formed on the microscopic bulges was thicker than the film that formed in the microscopic valleys; however, the thickness difference was not very significant, as shown in Figure 10b . When the tinplate was passivated for a longer time, the difference became very small, and so the film was distributed more uniformly on the tinplate surface, as shown in Figure 10c . In general, the electrolytic passivation film was thicker than the chemical passivation film, but its distribution was uneven. When the tinplate was passivated for a short time via the electrolytic method, the film that formed on the microscopic bulges was thicker than that in the microscopic valleys, and the thickness difference was significant, as shown in Figure 10d . When the tinplate was passivated for a longer time, the difference became greater, and the film was distributed more unevenly on the surface, as shown in Figure 10e . From a theoretical point of view, the reason why the topography and thickness of the chemical passivation and electrolytic passivation films are different is that the film formation mechanisms of the two methods are different. The former is a chemical reaction, whereas the latter is mainly an electrochemical reaction. In the chemical passivation process, SnOx (1 ≤ < 2) on the surface is needed to participate in the redox reaction. Thus, it can be imagined that the film attaches to the surface profile of the tinplate to form. In the initial stage of chemical passivation, the surface areas of the valleys do not make contact with the solution immediately, and it requires some time for the solution to reach the valleys. Thus, the reaction time between the microscopic bulges and valleys is different during the same passivation time. Therefore, when the passivation time was short, the areas in the valleys did not make sufficient contact with the solution to participate in the reaction, and thus the film in these areas was thinner. However, because the chemical passivation film was extremely thin in general, the differences in film thickness were not great. When the passivation time was long, the surface areas of the valleys made sufficient contact with the solution, and there was plenty of time to participate in the reaction. Thus, the film thickness further increased, and the result was that the difference between the film thicknesses of the valleys and that of the bulges decreased. Thus, the film was distributed more uniformly on the tinplate surface. Since SnOx is required in the chemical passivation process, after SnOx was oxidized and Cr(VI) was reduced to form the passivation film, it was difficult for the reaction on the passivation film to continue. As a result, it is difficult to further increase the thickness of the film. Therefore, the thickness of the passivation film is relatively thin.
In the electrolytic passivation process, although the chemical redox reactions occurred simultaneously, the process mainly relied on electrochemical action, specifically that Cr(VI) was reduced via cathodic electrolysis to form a Cr(III) oxides passivation film on the tinplate. This reduction reaction did not require the participation of SnOx and could even continue if the film had been covered; thus, the electrolytic passivation film was thicker than the chemical passivation film. However, the uneven thickness distribution of the electrolytic passivation film on the tinplate surface was mainly due to the nonuniform distribution of current density during galvanostatic electrolysis. The chrome electroplating process is characterized by a nonuniform thickness of the coating, and this is caused by the tip effect. In the electrolytic passivation process, the large surface roughness of the tinplate, which is used as the cathode, results in the tip effect occurring at microscopic bulges with high current density. In contrast, the current density at the microscopic valleys was low. For the same electrolysis time, the amount of current that passed through the bulges was high, whereas the amount of current that passed through the valleys was low. In addition, the long process of diffusion and From a theoretical point of view, the reason why the topography and thickness of the chemical passivation and electrolytic passivation films are different is that the film formation mechanisms of the two methods are different. The former is a chemical reaction, whereas the latter is mainly an electrochemical reaction. In the chemical passivation process, SnO x (1 ≤ x < 2) on the surface is needed to participate in the redox reaction. Thus, it can be imagined that the film attaches to the surface profile of the tinplate to form. In the initial stage of chemical passivation, the surface areas of the valleys do not make contact with the solution immediately, and it requires some time for the solution to reach the valleys. Thus, the reaction time between the microscopic bulges and valleys is different during the same passivation time. Therefore, when the passivation time was short, the areas in the valleys did not make sufficient contact with the solution to participate in the reaction, and thus the film in these areas was thinner. However, because the chemical passivation film was extremely thin in general, the differences in film thickness were not great. When the passivation time was long, the surface areas of the valleys made sufficient contact with the solution, and there was plenty of time to participate in the reaction. Thus, the film thickness further increased, and the result was that the difference between the film thicknesses of the valleys and that of the bulges decreased. Thus, the film was distributed more uniformly on the tinplate surface. Since SnO x is required in the chemical passivation process, after SnO x was oxidized and Cr(VI) was reduced to form the passivation film, it was difficult for the reaction on the passivation film to continue. As a result, it is difficult to further increase the thickness of the film. Therefore, the thickness of the passivation film is relatively thin.
In the electrolytic passivation process, although the chemical redox reactions occurred simultaneously, the process mainly relied on electrochemical action, specifically that Cr(VI) was reduced via cathodic electrolysis to form a Cr(III) oxides passivation film on the tinplate. This reduction reaction did not require the participation of SnO x and could even continue if the film had been covered; thus, the electrolytic passivation film was thicker than the chemical passivation film. However, the uneven thickness distribution of the electrolytic passivation film on the tinplate surface was mainly due to the nonuniform distribution of current density during galvanostatic electrolysis. The chrome electroplating process is characterized by a nonuniform thickness of the coating, and this is caused by the tip effect. In the electrolytic passivation process, the large surface roughness of the tinplate, which is used as the cathode, results in the tip effect occurring at microscopic bulges with high current density. In contrast, the current density at the microscopic valleys was low. For the same electrolysis time, the amount of current that passed through the bulges was high, whereas the amount of current that passed through the valleys was low. In addition, the long process of diffusion and mass transfer in the valleys cause the passivation reaction to be controlled by the diffusion of Cr(VI) ions. The hydrogen evolution reaction competes with the passivation reaction and results in a lower current efficiency. As a consequence, the film was thicker on the bulges but thinner in the valleys, and the difference in the film thickness caused the film distribution to be nonuniform.
Discussion
Performances of the Passivation Film
In the study of a thin film, the thickness is an important quality of the film. However, in the present study, we did not measure the thickness of the passivation film because the film is very thin, and since the thickness distribution of the film on the tinplate surface is uneven, combined with large base roughness, it is difficult to find a test method to accurately detect the thickness of the passivation film. Nevertheless, we found that the distribution state of the film could be deduced by the changes of geometrical topography and work function of the tinplate surface after different processes of passivation treatment in the present study. Therefore, in this study, the reason we investigated the topography and distribution state of the passivation film on the tinplate was to learn more about the information of the invisible film and to use the information to explain some questions or solve some problems. Differences in performances of corrosion and paint adhesion between tinplate samples passivated via chemical and electrolytic methods can be explained in terms of the distribution state of the passivation film on the tinplate surface.
Because the chemical passivation film is thinner than the electrolytic passivation film, corrosive ions can penetrate the former more easily, and thus the tinplate passivated via the chemical method corrodes more easily [1, 33] . The tinplate passivated via the electrolytic method does not corrode as easily because of the thicker passivation film [1, 33, 39] . However, because the distribution state of the film on the surface is not uniform, corrosive ions penetrate the film more easily in microscopic valleys than in microscopic bulges. Once the thin film is destroyed in the corrosion process, it is more likely that micro corrosion cells can develop between valleys (where the film is destroyed) and bulges (which have thicker film) because of the different surface potential between the regions. Then, pitting corrosion is more likely to occur in the microscopic regions where the film is destroyed. With longer passivation time, the corrosion performance of the tinplate improved because of the increase in the film thickness. However, the thickness of the chemical passivation film is limited [33] , and thus the corrosion performance can only be improved to a certain extent, after which further passivation does not further improve the corrosion performance. The same is true for the electrolytic passivation film because of poorer uniformity of the film on the surface and because of the destruction of the film caused by hydrogen evolution after a long passivation time. Therefore, if we want to improve the corrosion performance of the tinplate, the passivation time should be prolonged, but it must also be controlled to an appropriate length of time.
Moreover, when considering the paint adhesion of the tinplate, it is believed that the performance of the chemical passivation film is better than that of the electrolytic passivation film [1, 4, 10] . In addition to the composition and structure of the film, this may also be related to the film thickness and distribution state. Because the electrolytic passivation film is thicker and distributes nonuniformly on the tinplate surface, it may result in the poor performance of paint adhesion because of the nonuniform distribution of adhesive forces. With longer passivation time, the performance of the electrolytic passivation film becomes worse because of the increase in the thickness of the film and because of the degradation of the uniformity of the film distribution. Therefore, if we want to obtain a tinplate with good paint adhesion, chemical passivation treatment for an appropriate length of time should be used. On the contrary, if electrolytic passivation must be used, the time should be controlled to a short length of time.
Chemical Analysis of the Passivation Film
In our previous study, we talked about the differences in distribution state that can affect the performances of the passivation film on tinplate. However, the factors that affect the performance of the passivation film are more complicated. The fundamental factors that affect the performance of the passivation film depend on the chemical nature of the film. Surface elements of the tinplate samples were detected by Energy Dispersive X-ray Spectroscopy (EDX) in the corresponding SEM image area, as shown in Figure 11 . The results indicated that the elements chromium, oxygen, tin, and iron were detected on the tinplate surface. Atomic percentages of the elements on the tinplate surface treated with different passivation processes are listed in Table 3 . and iron were detected on the tinplate surface. Atomic percentages of the elements on the tinplate surface treated with different passivation processes are listed in Table 3 . As listed in Table 3 , chromium content on the tinplate surface treated with chemical passivation was lower than that on the tinplate surface treated with electrolytic passivation. With longer passivation time, whether chemical or electrolytic passivation, the chromium content increased. Considering the detection depth of the EDX, the XPS (X-ray photoelectron spectroscopy) test with a detection depth within 10 nm was more suitable for detecting the thin film. Surface elements of the tinplate samples were then detected by XPS, as shown in Figure 12 . The peaks were found and compared with the standard database using CasaXPS software (Version 2.3.16), as listed in Table 4 . The results indicated that the elements chromium, oxygen, and tin were detected on the tinplate surface. Atomic percentages of the elements on the tinplate surface were calculated utilizing CasaXPS As listed in Table 3 , chromium content on the tinplate surface treated with chemical passivation was lower than that on the tinplate surface treated with electrolytic passivation. With longer passivation time, whether chemical or electrolytic passivation, the chromium content increased. Considering the detection depth of the EDX, the XPS (X-ray photoelectron spectroscopy) test with a detection depth within 10 nm was more suitable for detecting the thin film. Surface elements of the tinplate samples were then detected by XPS, as shown in Figure 12 . The peaks were found and compared with the standard database using CasaXPS software (Version 2.3.16), as listed in Table 4 . The results indicated that the elements chromium, oxygen, and tin were detected on the tinplate surface. Atomic percentages of the elements on the tinplate surface were calculated utilizing CasaXPS and are listed in Table 5 . The same results found through the EDX test can be drawn from Table 5 . Combined with the performances of the tinplate discussed above, it can be inferred that low chromium content on the tinplate surface may result in poor corrosion performance and good paint adhesion, while high chromium content indicates the opposite. The composition of the passivation film was analyzed by fitting the Cr2p peaks using CasaXPS. The measured and fitted Cr2p peaks are shown in Figure 13 . The binding energy values of the fitting peaks are listed in Table 6 and the chemical composition of the film was obtained by referring to the relevant literature [8, 33, [41] [42] [43] and comparing the binding energy values. The chemical passivation film is only composed of Cr2O3. The electrolytic passivation film is mainly composed of Cr(OH)3 and Cr2O3; also, there are a small amount of metal chromium, Cr, and hexavalent compounds, Cr(VI). The atomic percentage of the different components (Table 7) showed that the relative content of Cr(OH)3 in the film increased with longer electrolytic passivation time. Combined with the performances of the tinplate discussed above, it can be inferred that a high relative content of Cr(OH)3 may result in good corrosion performance and poor paint adhesion, while a low relative content of Cr(OH)3 results in the opposite. The composition of the passivation film was analyzed by fitting the Cr2p peaks using CasaXPS. The measured and fitted Cr2p peaks are shown in Figure 13 . The binding energy values of the fitting peaks are listed in Table 6 and the chemical composition of the film was obtained by referring to the relevant literature [8, 33, [41] [42] [43] and comparing the binding energy values. The chemical passivation film is only composed of Cr 2 O 3 . The electrolytic passivation film is mainly composed of Cr(OH) 3 and Cr 2 O 3 ; also, there are a small amount of metal chromium, Cr, and hexavalent compounds, Cr(VI). The atomic percentage of the different components (Table 7) showed that the relative content of Cr(OH) 3 in the film increased with longer electrolytic passivation time. Combined with the performances of the tinplate discussed above, it can be inferred that a high relative content of Cr(OH) 3 may result in good corrosion performance and poor paint adhesion, while a low relative content of Cr(OH) 3 
Conclusions
In the present study, we observed the topography of the nanoscale passivation film on tinplate samples with high surface roughness, and found the difference in the distribution state of the films prepared with different passivated processes using a profilometer and SKPM. The results suggest that the chemical passivation film distributes more uniformly on an uneven tinplate surface than the electrolytic passivation film. For electrolytic passivation, the film is much thicker on the microscopic bulges than that in the microscopic valleys, and the thickness difference increased with longer passivation time. In contrast, the distribution uniformity of the film was further improved with 
In the present study, we observed the topography of the nanoscale passivation film on tinplate samples with high surface roughness, and found the difference in the distribution state of the films prepared with different passivated processes using a profilometer and SKPM. The results suggest that the chemical passivation film distributes more uniformly on an uneven tinplate surface than the electrolytic passivation film. For electrolytic passivation, the film is much thicker on the microscopic bulges than that in the microscopic valleys, and the thickness difference increased with longer passivation time. In contrast, the distribution uniformity of the film was further improved with longer passivation time for the chemical passivation film.
